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T}ie    following   paper    is    an    account    of   some    exporirnentJ 
wliicli  were   undertaken    to    determine   more    accurately,  if   possible, 
the   kind   of  cliange   that  takes   place    in  magnets   wliicli  have   been 
brovaglit    to   the    "permanent    state"    and  are    subjected   to    changes 
in   temperature. 

A    short    acconnt   will    first    bo    given    of  the  work    that 
has    been    done   on    this    s^^bject,    witli   particular    rjfcronce    to 
sricli  parts    of    it    as    concern  magnets    in    tlie    "permanent    state". 


II. 


HISTORY. 

A.    I>r/ESTIGATIONS  ON  THE  CHANGE  IN  MAGNETIC  MOMENT  DUE  TO 

CHANGE  IN  TEMPERATURE. - 
(I) 
Kupffer  found  that  if  a  permanent  iiiagnet  was  lieated 

above  the  temperature  at  whicli  it  was  magnetized,  its  magnetic 
moment  decreased;  that,  on  cooling  the  moment  increased,  but 
not  enough  to  make  up  for  the  first  loss,  and  that  this  hap- 
pened for  the  first  three  or  foiir  times  the  magnet  was  he'itcd. 


V^) 


He   made   Ids    oxporiments    by   pnttin^^   the   mar^net    'inder    invest  i- 

f^ation    in   a  watei-    bath,    near   wiilch   a  map;nGtiG   needle   was    S'ls- 

pended  by    a  silK    fibre.      The    time   of  300    swinr;s   of   tliis  needle 

was    determined,    wlien   the  water    in   tlie   bath  was   at   the   temper- 

at'ire   of  tlie    room,    at   100   C,    again   at    tlie   temperature   of   the 

i-oom,  etc.  . 

(I) 

Lament  found  that  if  a  magnet  \/as  alternately  heat- 
ed and  cooled  for  fifteon  or  sixteen  times  between  two  given 
li;nits  of  temperat'ire  it  reached  a  permanent  state,  in  wiiich 
it   had  a  definite  magnetic  moment  corresponding  to  a  given 
ternperatni'e,  to  which  it  alwiys  returned  when  brough.t  to  that 
temperature,  provided  its  temperat-ire  }ias  never  passed  outside 
tlie  limits  referred  to  above.   Tlie  magnetic  moments  were  small 
er,  the  }iigher  the  temperature. 

Hioss  and  Moser  experimented  on  the  change  in  mo- 
ment by  swinging  magnets  at  differoit  temperatures  and  deter- 
mining the  time  of  vibration.   For  needles  34  Paris  lines  in 
length  tliey  found  tliat  the  following  formula  held 

I'  =  I  [l-o.ono3.-i4  (t'-t)  d) 

Note  (1)   Pogg  Ann.  82  p. 440. 
(2)   Pogg  Ann.  17  p. 430 
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'.Vlicro   I   and   I'    arc    the    intensities    of  magnetization    at    the 
temperatnro    t    and   t'  ,    on   the   Kea-^mnr    Scale,    respectively    and 
d   is   tiie   diameter   of  tiie   magnet.      For   needles   '.-i   in.    long   the 
nnmerical    factor    in    tlxeir    formiila  becomes    0   0004;5i:i,    showing 
that    the   proportional    change    in    intensity    of  magnetization    is 
greater    in    tiie    sliorter  magnets.       Their    limits    of    temperature 
were  0    and  80    on    the   Rea^im-'ir    Scale.       By    swinging    tlieir   needles 
at    different    temperatures  viitliin    these    limits,    they    found 
that    t}ie    change    in   moment   ^vas   proportional    to   tlie    difference 
in    temperature;    tliat    is    the    factor    (f    -    t)    enters    in    the 
formula    in    tlie   way    given    above.       To    determine    the    factor    d, 
rods   of   the    s  i'ne    lengtii,    but    of   different    diameters   were    em- 
ployed.      For    example,    they    give    tlie    following    for   magnets 
.34   Paris   lines   long. 

Diameter    in  Temperatures        Niimerical    factor 

Paris   lines  in    formula 

f  c 

(5    f    74    -    7k;   R  O.ooo3ii02 

0.93  ( 

(8   +    68"-    f>8''R  o.ooo;5158 

1.16  0°+    74"-    70°  R  o.ooo3ii4 

0.67        Difference   of   59*  R  o.ooo;5ki86 

Prom    tliese    results    the    factor    o.ooo;5<;4    in    tiieir    formula    is    ob- 
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tainod.  ^ 

.      (1) 

Professor    CJ. Wlndepnann     has   made    some    care  Pul    inves- 
tigations   on    tlie    effocts    the    temper    and   the    original    intensi- 
ty   of  map;netization   of    the    bar   iiave    on    these   plienomena.      He 
nsed   bars   ki2   en.  lonr;,    and   1.35    cm.     in    diameter,    whicli    before 
bein^  magnetized  were   placed   alternately    in   melting    snow   and 
boiling  water    fifteen   times,    in   order    to    bring   tlie    steel    it- 
self   as    far    as    possible    to    a   state    in    vriiich    it   v^oiild  imdorgo 
no    structural    cliange    from   a    change    in    temperature.       These    bars 
wore    then   magnetized    in    a    coil    at    a    temperat'-'re    of   0    ,    cai-e 
being    taken    to   prevent   jarring,    and  were   placed   in    a   box   of 
sheet    copper,    before    tlie   needle    of   a   galvanometer,    the    de- 
flection   of  wiiicli   v;as    observed   by    a    telescope.       Tlie    temper- 
atures   0    and   100   were   obtained   by   mgans    of  melting    snow    and 
boiling  '.vater.       T}ie    table    on   page     J*^.        gives    the    results 
found   in    this   v/ay.      M^     is    the    intensity    of  magnetization   be- 
fore   it   }ias    suffered   any    change    in    temperature.      }A^     is    the 
intensity   wlien    first   heated    to    100    ;      M^    is    the    same    after 
being    cooled    to    0    .        N.and  N      are    tiie    intensities   of  magnet- 
ization    at    the    temperatures    indicated   by    tiie    STibscrips    after 
tlie   magnet   lias    been  heated   and    cooled   fifteen    times, 
^•'ote    (1)      Pogg   Ann.    I'^y.   p.  3:15       also    100    p.i=;'.n    and    103    p.5t);S 
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With    respect    to   rnatpiets    thj.t  liavo    reaciiod   the   per- 
manent   state,    a    sttidy    of   tiie    table    sliows:    in    tho    case    of  hard 
steel    tho    chanr;e    of  moment    is   nearly   proportional    to    the  mo- 
ment   at    0    ,    wiiile    for    tempered   or    soft    stejl    the   ratio    of 

chanp;e    to   moment    at   0    is    p;reater    the   greater    the   moment.       In 

n^  -  ^ 

tiie    cnrves   on   pa£^ni3^)1jSiro   plotted   as    abscissae    and as 

n 
ordinates. 

Witli  reference    to    the   theory    of   tiiese    chanj^es,    Pro- 
cessor Wiedemann    says:    "Besides    the   perm.anent    effect    dne    to 
alteration    in    temperature    there    is    a    temporary    cliange. 
Each  lieatinf;   diminishes    the   permanent   moment    of    the   molecules. 
Moreover,     for    tlie    time,  it    loosens    the   particles    of    the    body, 
and   lessens    the    strain    in   which    they   have    been   placed   by    the 
action    of    external    forces,    tiierefo^e,    tli^-^y    return    a   little 
towards    tlicir    first   position   of   equilibriwn,    in  which    they 
w^re   lield   by    the    forces    acting   between    tliem,    before    the    ex- 
ternal   forces    came    into   play.      Heating    thus    diminislies    the 
magnetization    temporarily,    but    on    cooling, the  molecules    re- 
■^  i.-n    to    their    former   position,    and   tho    lost   magnetization    is 

regained. " 

(1) 
Barns   and   Stronhall    carefully    di  stingui  slied   tlie   me- 

MotG.     (1)      Bull   U.S.Geol.    Sur.    No. 14   p. 151. 
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chanical    effect   of  heating    from   the  purely   ma^jnotic    effect. 
Thr     foitnd   that    temperature   <iO    or   .'50    above    tiiat    of   the   water 
in   which    a   glass   hard   steel    rod  was    dipped    during   tempering, 
produced  qnite  perceptible   annealing   effects.      This   change    in 
tlie   liardness    of   the    steel   wonld  naturally    affect    the   magnetiz- 
ation.According    to    their    experiments,     if   a   glass  hard  rod   is 
thoronglily    annealed  by    being  kept    at    temperature    t_'  for    a   day 
or    tv/-o ,    and    tlien   magnetized   to    saturation    at    the    ordinax'y    tem- 
perature  t^,    tlie   loss    in    specific  magn3tism  on  lieating   to    V    is 
relatively    small,    and   is   nearly    independent    of   the    time    t_' 
acts;    nearly    the   whole    ch.ange    takes   place    during   the    first    ten 
minutes.       On    the    other  hand,    if   the    bar   is   not    first    annealed, 
the    change    is  not    complete   after    twenty-tv/o  hours   of  heating. 

B.         IMVESTIGATIONS   ON    THE  EFFECT   OF   CHANGE   OF   TEMPERATURE   ON 
THE   DISTRIBUTION    OP  MAGNETISM. 

This   part   of   tlie    subject  has  not    been    so    extensively 

worked   out,    the    investigations    of  Kupffer    and  Poloni    being   all 

that    could   be    found. 
(1) 
Kupffer    determined   at    two    different    temperatures    the 


^ote    (1)     Fogg.    Ann.    Xll.    p    13: 
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period   of   vibration   of    a   short   needle    placed  opposite    differ- 
ent  parts    of   a   long   maf^net,    £ind   foi.ind   the   proportional    chanfje 
in    distribution   greater    at   the   ends   than   in    the  middle   of   the 
bar.      All   liis   meas-'irem  ^nts   were  made    before    tlie    bar  had   readi- 
ed  tlie   permanent    state. 
(1) 
Poloni   measTired   the    die tribiition    at    vario^js 

temperatures   by    slipping   a   coil    from   different   parts    of    tiie 
magnet    to   s^ich    a   distance    that    the  magnet    exerted  practically 
no   effect,    and  measuring   the    cvirrent    thus    induced.        He  worked 
between    temperatrn-es    n    and  i^no    C   rising    an   oil    bath    to    obtain 
his  higher    temperatures.       Tlie    ciianges  were    quite    regular    be- 
tween  0    and  180    C,    but   very    great   near   190    .       Between   0    and 
180   lie    found   that    the    following    formula  held 

r         -      --Y      -/£-^ 

M    -    A      1    +   k*'-  k   -   k  where  Mis    tiie    induction    in 

the   ma^/p^et    at    a   distance   X    froia   one    of   the    ends,   X>  is    tiie 
length  of  the  ma-jiot;    A_  a   quantity    depending   only    on    tlie    tem- 
perature,   while  k    is    sensibly    constant    for   a   given  magnet. 

111.   EXPERIMENTS. 

The  existence  of  a  permanent  state  in  whicli  the 
moment  of  the  magnet  increases  or  diminishes  as  tlie  temper- 
Note  (1)  Beibl  V.  p.  SOa 
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atnre    falls   or    rises,    bo  irif;   now   well    established,    it    becomes    a 
question    of  great    interest    as    to   how   this    chan/;e    is   bron^jht 
abont.       It   was   tb-o-ir^it    that   tlie    explanation  rni^;ht    be   found   in 
a    change    in   tlie    distribn.tion   of  mafpietism,    the  rna^jnetism   being 
less    concentrated   at    the    ends    of    tiie   magnet    at   the  higher   tem- 
perattire;    or    tliat    the  magnetism  might    be  a   ftmction   of   the 
temperatures.       In   order    to    obtain   some    cliie,    if  possible,    to 
the    real-nat'iro    of    tne    change    in   the   magnetic   moment,    tiie   fol 
lowing    investigation  was   undertaken.       The    experiments   were 
planned  to   dotcnnine: 

PIRS'^j    the   change    in  moment    due  »to   change    in   temperature    in 
bars   of   the   same    cross-section,    but    of   different    lengtlis; 
SECOND,    tlie    change    in  distribution   car.sed   by    ch-ange    in    ternpera 
ture. 

Tiie    experiments  will   be    considered   in  the   above   or- 
der. 

A.      EXPERIMENTS   ON   TIIE   CHANGE   OP  MOMENT    OP  MAGNETS    OP  DIPPER- 
ENT   LENGTHS,    BUT   HAVING    THE    SA.'vffi    CROSS-SECTION. 

Stubb's    steel   wire    of    square    cross-sect  ■'on,    0    .    15P 
cm   square   was    cut    into    lengths    of   approximately   5.5    cm     8.    3 
cm    and   <i^.  cm.       T}ie    steel    was    soft,    and    .vas    used    of    tiie 
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s£vne   temper    as   pitrcliascd.       Tlie    bars   '.vcre    annealed   in    boilin*; 
witer,    mi^pietized   to    saturation    in   a   coil,    and  were   in    the 
permanent    state   when   nsed. 

Tlie    time    of  vibration    in    the    earth's    field 
was    determined   at    11    and  99    C.      A    donble    box   of    thin    sheet 
zinc   was   nsed   to  keep    the  magnets   at    the   required  tompcratijre. 
In    tlie    top    of   the  box  was    a   round    openin,^    into    tlie    interior, 
in   whicli    a   cork   holdinf;    a   tliermometer    and   a   glass    tube,    was 
inserted.      Tlirorgh    this    tube  passed   a   short   wire,    which   sup- 
ported  the   magnet,    and  was    suspended   from   the    ceiling   by    co- 
coon   silk.       The    suspension   was    thus    quite    long,    and  was   but 
little   exposed   to   the    action   of   tlie  heat.      Tno   bulb   of   the   thei' 
mometer   was    close   to   tlie  magnet.      In   tlie   side   of   the    box   was 
anoth-er   opening   covered  with   glass,    through   wJiich   a  mirror, 
attached   to   the  magnet   was   observed,    and  the   time   of  vibration 
thus   determined.      Tlie   tcmperat-.-e   of  tiic    space    in  wliich.    the 
magnets    swung,    was   kept    quite    constant    at    11   C;    or   99    C,    by 
passing   a   current    of    cold  water    or    steam   through    the    space 
between    tlie    two   parts    of   tiie    double   box.       For    the    lower    tem- 
perature   city    water   was   iised   direct    from   tlie    faucet.      The   mag- 
nets   and   the   mir.-or   used   in   obse.-ving   their   vibrations   were 
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welched. 

GALGiajATIOM  OP  RESULTS. 
The  len^-^tUs  of  tiie  magnets  were  measured 
at  the  ordinary  temperature  of  the  room  18  C.   Tlie  corrected 
lengths  for  11°  and  99°  wore  obtained  by  the  following  forrmilae- 

L  =  L  (1  -  7  X  o.oonoii) 

L  -  L  (1  -  81  X  o.onooii) 

where   L  and   L     are  the    len,p;tJis    at   the    temperature    indicated 

by    tl\e    subscripts,  L  is    the    observed   length,    and   0.000011    is 

tlie    coefficient   of  linear   expansion   of  lintompered   steel.      The 

moments   of   inertia  for   the  magnets   at    each   temperature  were 
calculated   as    follows: 


1^--  m 

l;  +  b'- 

12 

1=1 

whore   m    is    the   wei^^^t    of   the   magnet,    and   b    is    its    thickness. 
Tlie  weight    of    tJio   mirror    and   tlie    appliances    by   whicii    it    .vas 
fastened   to    tlio   magnet,    v/as    0.4245    grms   -    and   calling    its   ra- 
dius   of   gyration   0.2   cm,    the  moment    of    inertia   due    to    it   was 
0.0170,    wiiicli  was    added    to   that    of   tlie   magnets.      No    correction 
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V/3S  made    for    tlie   rest   of   the    suspending  apparatus,    its  weight 
was    always    less    tiian   0.10    grms,    and   consisted  principally    of 
a  piece    of   fine  wire    aboT't   do    c^   long,    by  which    tiie   magnet    wa; 
suspended    from   the    end   of   the    silk    siisponsion,    and    its   radius 
of   gyration   was    tlierefore    exceedingly    small,    being    a   fraction 
of    tlie    diameter   of   tiie   wire.       Tlie    silk    suspension   vras   about 
3.5   metres    long,    and  no    allowance  was   made    for    tlic    effect    of 
tortion.       The   magnet    could   be    turned   enough,    360°  and  no    dif- 
ference   in   its   azirautli   could  be   detected  by    a   telescope   and 
scale    at    a  distance   of  'i   m.      Tlie   formulae    for   the  magnetic  ma- 


ments    are  41'    TT 

M   -      "- 


4  i;   7T 

M   = 

T^    H 


where   I'    denotes   tiie    total  moment    of   inertia   of  the   systejn  at 
tlie    temperature    indicated;    T    is    tiie  period   of   a   complete   vi- 
bration,    and  H    is    tlie   horizontal    intensity    of   the  earth's   m.dg- 
netic    force,      H  was   taken   as   equal    to   o,    ii.      It  lias  been   detei 
mined  by    several   previous   observers    in  various   pai-ts   of   the 
room   in  whicli   the   work   was   done,    and   as   ttiero   wa&  no   local 
disturbing    iron  masses,    that    part    of   the    building    being   kept 
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free   from   iron,    it   may   be    taken   as  •within   one-half  of   one   per 
cent   of  correct. 

SPT^CIMEN   CALCULATIO!!. 

Magnet  No. 9. 

Length   at    13' G    =   16.40    Gr>i. 

Wei'^ht  =    .'5. 609    grrns. 

Period   of  vibration   at    11°  G   =    10.435    sec. 
'•   99^  C   =  10.812      " 

L    =    16.40    (1    -    7    X    O.nonoil)    =    16.399    cm 

L  =  16.40  (1  +  81  X  O.OOOnil)  =  16.414  cm 

a 

L^  f  b''      3.609  (268.  9ki  +    o.oki^ 

1  _  m  --" = =  80.883 

12  12 

i;  =  30.883  ^0.017  =  80.900 
I'  =  81.034  f  0.017  -   81.051 

4  i;  TT^ 

M  = -    146.64 

T^  H 


'il',  TT 
M  =   =   136.80 
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Tlie  intensity  of  marine tizat ion  was  obtain- 
ed by  dividing  tlio  ma,';;netic  raomont  of  each  magnet  by  its  vol- 
ume. 

B.         EXPERIN-CRNTS   OM    TIIE    GHANOT    IN  MAGMETIG    DISTRIBUTION. 

The  apparatus  employed  was  devised  by  Pro- 
fessor Rowland,  under  whose  direction  the  wliole  investigation 
w^s    conducted,    and  will    be   best  understood   from   the   diagram. 

A    and  B    are    two    cylindrical    soft    steel 
magnets,    30.1    cm^and  0.55  cm     in   diameter.      They   were  magnet- 
ized   to    satiiration    in    a   coil,    and   then   brotici^t    to    tlie   perma- 
nent  state   by    alternate  lieatings   and  coolings.      These   magnets 
were   placed  perpendicular   to    tlie  magnetic   meridian.      In   both 
ends   of   each, holes   were   bored   and   threads    cut.      The   deptn   of 
these   holes    in   magnet   A   was   8   m.m.     for    eacli   end.       In  mar;net    B_ 
the   liole    at   the   S   end,    was   11  m.m.    deep,    that    at   the  N.end 
7   m.m.      Pieces   of   brass   rod,    H  H  H  H,    of   the    same    diameter    as 
the   magnets  were   screv/ed   into    tlie    ends,    and   acted   as   guides 
for    t/ic    two    coils,    to    be   described  presently,    so    tiiat    after 
they   had   been   slipped   off  tlie  magnets    they    could   be    slipped 
back    again  withoiit    anj'     trouble.      D   D    is    a    brass    rod   about 
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]   1/2  metres  lonf;;,  lioldinp;  the  two  rnagnots  together  in  t}ie  po 
sition  sliovn  in  the  figure.   C  C  are  pieces  of  non-condnct- 
ing  material  to  keep  the  magnets  from  changing  temperature  by 
conduction  along  the  rod  joining  them,   E  and  P  are  two  coils 
of  very  fine  wire  wound  on  paper  tubes  whicii  just  fit  me   mag- 
nets.   They  consisted  of  150  trjrns  (5  layers  of  30  turns 
each)  and  were  about  7  m.m.  wide.   Their  frames  were  joined 
togettier  by  a  brass  rod,  P  P,  of  such,  length  tliat  when  the 
coil  E  was  at  the  centre  of  the  magnet  A_,  the  coil  F  was  also 
at  tlie  center  of  the  magnet  B_.   By  means  of  this  rod  they 
could  be  moved  simultaneously  over  corresponding  portions  of 
the  two  magnets.   At  G,  is  a  gauge  which  regulates  the  dis- 
tance tlirougii  wnich  tlie  coils  arc  moved  at  one  time,  so  that 
as  the  coils  are  moved,  step  by  step,  from  one  end  of  the  bar 
to  tlie  other,  the  steps  will  be  of  equal  length.   By  loosen- 
ing a  screw  tiie  coils  may  be  moved  from  the  middle  of  the 
magnets  to  either  end  at  one  step. 

Tlie  cross-sections  of  tiie  two  cylindrical 
double  boxes,  made  out  of  sheet  zinc,  are  indicated  at  S  T. 
At  K  X  are  openings  in  wliich  corks,  holding  tlier'mometers  were 
inserted.   At  L  L  L  L  a**  are  openings  into  tho  space  between 
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the  t\Yo  parts  of  tlie  donblo  box.   Thronfjh  these  a  current  of 
steam  or  cold  water  was  passed  to  keep  tiio  space  containing 
tlie  magnets  at  the  reqiiisite  temperature.   The  tenvperatures 
employed  were  14'' C  and  99"  5  C.   M  N,  M  M,  are  otner  openings 
by  which  the  magnets  :vere  introduced,  and  througli  which  the 
bars  D  D  and  P  P  passed.   They  were  about  2.5  c-'  in  diameter, 
and  abo'it  20  c  ■  in  length,  and  were  stuffed  witii  cotton,  the 
better  to  maintain  tlie  tenTperat^iro  of  the  interior. 

Tiic  exploring  coils  were  connected  up  v/ith 
an  ordinary  astatic  galvanoractL;.'  of  rather  low  resistonce  coils 
in  such  a  \yay  that  the  currents  induced  by  moving  them  along 
the  magnets  opposed  each  other.   An  earth  inductor  and  a  re- 
sistance box  wore  included  in  the  circLiit,  and  in  each  exper- 
iment the  galvanometer  readings  were  standardized  by  the  earth 
indnctor.   Beginning  at  the  middle  of  the  magnets,  the  coils 
were  moved  step  b>  step  to  one  end,  the  throw  of  the  needle 
being  observed  at  eacli  step.   Tlie  coils  were  moved  so  far  in 
tiio  last  measurement  that  practically  no  lines  of  induction 
passed  tiirough  them,  as  was  determined  by  experiment.   Similar 
observations  were  then  made  over  the  other  iialf  of  the  magnets 
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In    till'-,   way    '.v as  measured    tiie    excess    of  tiic   mvnber   of   lines    of 
induction   passing    from   one  magnet    into    the   medium    in    the    dis- 
tance   the    coils   move^over    tliat   passing   out    from   the    con-ospond 
ing   portion    of   tiio    otiier  magnet,    thus   giving    tlio   difference 
of   distribution    in   the    tv/o   magnets.       These   measurements    are 
taken    first    {say)wlien   A    and   B    are    both   at    14°  G ,    fxnd   again  when 
A    is    at    14"  C,    but    B    at   99°.  5    G.       The   difference    between    tiie    two 
ifter    tliny    have   been   reduced   to    tlio    same    scale  by    tiie    earth 
inductor   readings,    is    evidently   tlie   change    in   distribution    in 
3,    due   to   the    change    in  tlie   temperature.      By    this  method  the 
quantity    obse^-ved    is    of    about    the    same   magnitude    as    the    quan- 
tity we    desire   to    ob'^ain.      In   these    experiments    the   greatest 
tlirow   of   the    needle  was   but    little    over    twice    the    largest    dif- 
ference   obtained   on    subtracting   the    two    sets    of    observations. 
To   get   th.e   distribtition   in   the  bars,    tiie 
difference    of    distribution   was    first   meas^ircd   as   above,    at  tiie 
lower   temperat-'-'re;    tiien  tiie    connections   were   ciianged,    so    tiiat 
tiie   currents    induced   in   tlie   two  coils  were    in   tlie   same   direc- 
tions,   and    the    sum   of   the    distributions   was    obtained    in    the 
same   way.       In    tiiis    case,    extra   resistance   iiad   to    be   put    in 
from   tlie    resistance    box   to   keep    tlie   readings    on    tne    scale. 
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CALCULATIOH    OP    RESULTS. 
Tlie    foririnla    for   the    ballistic    galvanometer    is   - 
Q  =    k    sin      ^- 

vfhore    Q    is   t5ie    quantity    of    electricity;    k    a   constant    factor; 

and    V    the    ang\ilar    throw   of   the  needle.       Tiie   observations   v/eri 

made   witli   telescope    and   scale.      Galling   d   the    observed  throw, 

and   r    tlie    dist^^nce    of   the   mirror    from   the    scale, 

(  d 

tan   k!  v)    = 

r 

expanding   the    sin      we  have    - 

sin      ---      a      1   -   0.344      -f 

'^.  id   r        L  \    ^ ) 

Tiiis    formiila  v/as   used   in  reducing   the    larger   readings. 

Corresponding  throws  of  the  needle  were  averaged  up  Just 

as    tliey    were    taken.       The    throw   of   the    earth    inductor,    when 

both  maf^nets   were    at    14"  ,    was   39.5    scale    divisions,    it   was    ta- 

kenfrequently ,    and  varied   but   very    little.      Wien   one   magnet 

vfas    at   99°. 5    and   tlie    otlier    at    14°  it   was   37.8.      Tiie    average 

throw   taken  wlien   one  magnet   was  hot    and  the   otlicr   cold,    was 

39 . 5 
tlien  m^iltipliod  by 1.04f),    to    reduce   to    tlie  s;ime 
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scale  as  the  readin^js  taken  when  both  magnets  were  at  14  . 
Cof'-esponding  readings  were  then  siibtractod  to  got  the  differ- 
ence in  distribution  caused  by  change  of  temperature  in  terms 
of  tuo  scale  divisions.   The  reduction  to  absolute  measure  was 
IS  follows: 

Tlie  effective  area  of  tlie  earth  inductor,  as  deter- 
mined by  previOTis  observers  is  i40716  sq.  cm.   The  total  num- 
ber of  lines  of  lines  of  induction  cut  was  therefore 
2  H  A  =■  8286.4,*  tlie  tlirow  was  39.5  scale  divisions,  therefore 
each  scale  division  corresponded  to 

828-3.4  i    (39.5  x  150)  =  1.59S   C  G.S.  lines  of  induction  where 
the  factor  150  is  due  to  the  150  turns  in  each  of  the  coils. 
The  change  in  distribution  as  given  in  scale  divisions,  was 
tlien  multiplied  by  1.398,  giving  the  change  in  linear  distri- 
bution in  C.G.S.  lines  of  induction  per  2.17  cm,  that  being 
the  distance  tlie  coils  were  moved  at  each  step.   In  determin- 
ing the  difference  of  distribution,  tlie  angles  observed  were 
quite  small,  tlie  largest  being  less  than  2*  making  the  angu- 

.0 

lar    tiirow   of   the   noodle    less    tlian   If,    .      The    quantities  meas- 
'ired  by    tlie   galvanometer   vrere    therefore    taken    as    simply   propor 
tional    to    Q   in    tlie    formrtila,    the    error    in    case    of   the    largest 
readings   not    amount— 
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■inc  to  moro  than  oir;  part  in  3500.  and  as  the  results  are  ob- 
tained by  s'lbtractinp;  two  tli''Ows,  the  error  in  tiie  r«s\.ilt  is 
still    less,    being    the    difference    of   tlie    errors    in   the    two. 


GPECIMFF    CALCTTLATIOF. 
Magnet    A. 
Midtae    to  M.End. 


Average 
hrov/' 
14 


1. 

IS 

0 

11. 

IS. 

4 

111. 

11, 

'i 

IV. 

07 

^ 

V. 

:M 

7> 

VI. 

4;-i 

0 

VI 1. 

A- 9 

0 

T.nd. 

05 

4 

Avci 
throw 


•age 
99.5 


17. 
18. 

04, 

;-i7. 

19. 
Oki. 


Cor>-ected 
throw   99.5 


18.3 
18.9 
13.  :^ 
04.4 
ii8.4 
ki8.9 
20 .  3 
0;:i.:5 


Diff.  in  (lis 
tribTition  in 
scale  divis- 
ions. 


0.3 


O.n 

14 

59 
13.1 
ki8.7 
03.1 


Diff.     in 
Distribution 
Niirnber   of 
lines   of   in- 
duction per 
2.17    crn 
lengtli. 

0.4 

0.7 

2.0 

3.9 

8.3 
18.3 
40.2 

4.3 
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In   gettin,'^   +li«    siirn   of   the    distributions,    i^    was 
fonnd  nficfjs-ary    to   make   use    of   tiic    formula   f^ivsn    on    p .  /^ 

because    the    angles   were    too   lartje    to    take    sin      pi-opor- 

'ional  to  t  dn  d /\/  ,  The  corroci-cci  readings  were  T'ednced  to 
-bsol'.ne  meas  n-e  in  tlie  way  already  described.  Tims  we  have 
■he  snn  and  difference  of  tho  linear  distributions  of  the  two 
'nagnets  in  absol^^te  measure.  The  distribution  in  one  maf^net 
is  equal  to  one  half  the  sum  plus  one-half  tlie  difference  of 
the  distributions,  that  in  the  otlier,  is  one-half  tlie  sum 
minus  one-half  the  difference.  The  distributions  at  the  highei 
temperature  were  obtained  by  subtracting  the  change  in  distri 
bution  due  to  lieating  from  tlie  distribution  at  the  lower  tem- 
perature. Tlie  induction  at  eacii  point  of  tixe  ma/^et  vvas  ob- 
tained by  adding;  up  tlie  number  of  lines  of  indttction  passing 
out  of  tliat  portion  of  the  magnet  wuicl\  was  beyond  tlie  point 
in  question.  Tables  of  the  results  for  the  magnets  A  and  B 
are  given  on  pages  3S  '^'ib.  The  first  column  gives  the  dis- 
tance of  the  exploring  coils  from  the  centres  of  tiie  magnets 
it  the  end  of  each  step.  The  second  and  fourtli  colijmns  give 
^he   number    of   C.G.3.    linos   of    induction   passing   out    from    the 
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magnet    at    14    and  99°5    in    the    step    of  tlie    coil    siLO'^m    in    tlie 
first    coliiinn.       Tlie    tliird   col^imn   f^ivcs    the    chan(j;e    in    distribn 
tion.       The    fifth   and    sixtli    colnmna    give    the   ma^etization   at 
the    two    temperatures,    i.e.,    tlie  mimber   of   C.G.S.    lines   of   in 
dviction   per    sq.cm.    of   cross-section  passing    thro'igh    the  magnet 
at    tlie   point    indicated.         In   these    columns    two   valines   are   giv- 
en   for   tiie   middle   point    of   tlie   magnet,    calculated   from   the 
two    ends,    and    serve    to    indicate    the    degree    of   accuracy    at- 
tained. 

The    second   and    tiiird   coliirans    from  which 
all    tlie   otliers   are    calciilated,    are    tlie  mean   of   at   least    five 
c-    six    separate    determinations,    which    agreed  well    among    them- 
selves.      The   result   was    further    checked   by    slipping   tiie    coils 
from  tiie   middle   of  the  magnets   off  each   end   at    both   temper- 
atures.      The   variation   bef.veen    tliis   measurement    and    tlie  other 
v.'is   alvrriys   less    than  1/2   of   one  per   cent,    which   was   considerec 
q-^ite   good,    as    it    is    impossible    to    slip    tlie    coils   over    this 
wiiole    distance   at    the    same    rate    at  which    they   were    slipped 
over    the    snail    divisions. 

On   pages     -V  0       and    Ijl,      curves    for    tiio 
magnets   A    and   B    respectively,    are   given.      The    curves    are: 
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A   A        Tho    distribution    curve    at    14    C 

3.3.       Tile    distribution    ciu-ve    at   99''.5    C 

C   C        Curve    /^ivinr^   t}ie    cl-ar./^e    in    di'=-,tr ibvition    dne    to    the 
cliange    in    temperatiTre    (14   -   99.o).       The    scale    of 
ordinates    is    ten   times    that    in    curves   A   A    and   3    B 

E  E        Curve   giving   tlie    induction    in    the  magnet    at    14°  C 

F   F        Induction   at   9915    C 

On   page  Fig, '3    gives    curves    for  magnet 

'4    ~     nv 
A,    in    wliicli      are   ordinates,    and  I      abscissae.      N   is 

I,. 
the    curve    from   the   north  lialf,    and   S    for    tlie    south   half   of 

the   magnet.      Fig.    4    gives    tlie    s;ime    curves    for  magnet    3.       Tlie 

--oint    o     gives    the   value    fo"-   the   S   end  of   this  magnet.      The 

liole    in    tills    end  of   tho   magnet    is   11   m.m.    docp,    •.vr.ile    that 

in    the    other    end   is   7   m.    m.    deep.       I    am  inclined   to    think    that 

-his    causes    its    deviation    from   the    other    curve.       In    fact    tliese 

iioles    in    the    ends    of  the  magnets  must   have    affected   the    dis- 

^rlbTition   tliere. 

The    tables    on   pages         3  5^  ^  1 1  ((   .y6 

together   witli    the    curves    for    distribution,    give   us    sufficient 

data    to    calculate    the   magnetic   mo'ients    of    the   magnets   A    and  3 
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at    both    tempGr;itMres.       In    tlie    tabic   we  arc    given    (n)       tlie   n^irn- 

ber   of   linos    of    induction,    issuing    from   little   divisions    of 

tho    bar    thr  o\ighont    its   lengtli,    as  well  as   tiie    distant;es    (d)    f)f 

the   centre    of   these    divisions    frorn    tlio  centre      of    the  magnet. 

A    first    approximation    to    the   moment    is  given   by    tlio    form-ala 
1 

M= 2  nd. 


To    this    valne,    the    following   correction 


was    added   - 


If  A    3    is    tlie    lengtli   of    one    of   the    divis- 
ions   of   the   magnet,    £ind  C    D,    a  part    of   the    distrib"':ition   curve 
STipposed   to   be    straight,    then   the    area   A    3   D   C,    represents 
the   niimber    of   lines    of    induction    iss'iing    froiri   the   magnet    in 
the   length   A   B.      Let    F  be    the    centre   of  gravity    of   the   trian- 
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j^Ig   C   E   D.       It    is    Gvidont    that    that   portion    of    the    distri- 
bution  rep''esented   by    tlie    trian/^le   C   E   D   should   be   rnnltipliod 
by    the    abscissa   o  I"   P  not    by    the    abscissa   of  H,    tliorefore   a 

correction    area   of   C   E   D      x    G  H  v/-as    added. 

c   e 

G  K   =   1/0   A    B,    and   area   of   C   E   D,    -      ;< 

Z.0  A 


area   A    3    D    C. 

Pr 

om 

tl 

is 

calcnl  at  ion, 

the 

follo^vinc   re- 

suits  wore   obtained; 

Marrnets 

A 

B 

M^        Moment    at    14° 

2i^98. 

2060 

:.r^o            "           at   99' 

2140. 

2018 

Difference 

158. 

142 

__''•:  :j'^^ 

0.0 6«7 

0.0 089 

''n 

Intensity    at 

14' 

322. 

289. 

at 

99° 

/,oo. 

28  ."5 

The  magietic   moments   were    also    deterrriiiied 
by    the   metliod  used    in   tlie    first   p  ".rt    of   tiiis    invest  i.-^at  ion , 
with    tlio    follovnnr;   results: 
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>■'  if^nets 

A 

.1,^        Moment    at    14 

:i359. 

■V                "         at   99 

2197. 

DifforencG 

166. 

M,^    - 

^^. 

0. 

M,„ 

Intensity    at 

14 

i^. 

n              It 

99 

HI: 

B 
<i09  / . 
1947. 
14  o. 


0.0687 


i:i9S^. 
<i77^ 


The  difference  bet'-veen  these  t^vo  sets  of 
values  foi-  the  magnetic  moments  is  considerable  in  the  case 
of  ma.^nct  A  amounting  to  2.  /^«  This  is  probably  due  to  tlie 
fact  llla^  only  an  approximation  could  be  made  to  the  moments 
of  inertia  of  the  magnets,  because  of  tlie  holes  in  the  ends, 
whore  a  slight  error  would  affect  tlie  result  materially,  tlie 
distance    from   the    centre   being  15    cm. 

Tlie  moments   oT    inertia  were   calculated 

by    dividing   the   maf^iets    into    t"wo   parts,    an    inner    core    and   an 

0-+94-4*}    slxgll    w]iich   extended  beyond   the    core    at    both    ends. 

M  -M 
On   tue   otlier  hand,    it    is    to    be   noticed   tliat    the    ratios ' 

differ   b.v    less    than    one    part    in    -300. 
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In  his   paper    on   Magnetic    Distribution, 
Professor   Rowland   gives    tlic    following    formula    for    the   linear 
distribution    in    a  magnet 


where 


R      is    the    resistance    of  iinit    of   lengtli   of   tlie   rod 
R'       is    the    resistence    of  raedinrn   along  itnit    of   length 

of  the    rod. 
2   b    is    the    J ength   of   the   magnet 
X  is    the    distance    from  the   center   of  the  magnet 


'^ '- '  m 


At    14      G      the    formula    for  Magnet    A,    may   be   written 
////  /I    =      /6/. 

A  t  /^,y  C 
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For    tlie   hif^iior    temperatnro    both   tlie   mimarical    fac- 
ors   \Yould    b«    a    little    smaller.      Owin;^   to    t}i.e    irregularities 
in    the   magnetization    of  magnet    B,    no    attempt   was   made    to    ob- 
tain   a    form-Ill  a. 
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Discussion  OP  RESULTS. 

The    ciirves    for   the   change    in    distrib-'ation   on 
pa^es    V^  ^  V/  sho'.v   that   there    is    a   loss    in   magnetism   at    all 
points   of    che  magnet,    and  it    is    evident    tiiat    tiie   change    in 
'ooment    is  not    d-'ie,    as    vas    thoii;;ht   possible,    to    a   change    in 
distribution,    by  which   the  magnetism  becomes   less   concentra- 
ted  at  tlie    ends,    bnt   more   so    in  the   centre.       It    is    also    ev- 
ident,    from  these    curves,    that    the   proportional    change   in   dis 
tribiJtion   is   greater   at   tlio    ends    ti^an   in   the   centre    cf  tlie 
magnet.      As   a  resTilt   of  this,    the  p.'oportional    change    in  mag- 
netization   is  greater   at     tlie   ends    tlian   in   the    centre,    as  ap- 
pears   from  Pig.    7'.    page     3^         Tliese   results   differ    slightly 
from   the    forrm.ila   given    by   Paloni    (see   P    ^     ) 

I. 

in  '.vhicli   he    fo-^nd   k    sensibly    constant,  for    a   given   magnet,    maJ<' 
ing    t'le   proportional    change    ir.   magnetization   the   same   through' 


A      [     1    +    .-<-    K-'-  k^-""] 
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oT>t    tlie   magnet.      The   motJiod  nsed   in    tiie   present    research    ad- 
mits   a  rnnch   more    accMrate    determination   of   these    small    diffor- 
c>nces,     ind    sh-ows    that    tliis    is   not    quite    correct. 

I    a.'n   inclined   to    think    tliat    tlie   dimensions 
o*^   t}ie  ma^-^net    do  not    affect    the    chanr^e    in   magnetic   moment    dno 
to    change    in    temporat-'are,    except     is    they    affect    the    original 
intensity    of  magnetization.       Among   the   magnets,     from  which   tiie 
c'irve    on    p  3<^  Fig.  CL.    was    derived,    were    several   pairs    of   about 
eq'aal   length,    biit    of   some  wliat    different  magnetizations,    yet 

they    all   give   values   wiiich   lie    on    a   smooth   c-n.rve.      Moreover, 

M,^   -   M^^ 
the   values    of      for    the    t~vo   magnet sA    and   B,    whicii    are 

altogether   different    in    shape    and   size,    are    almost    exactly 
those    this    curve  gives.       The    curve  would   then    show    that   with- 
in   the    limits    of  magnetization   used,    the    proportional    ch.ange 
in  magnetization    is   greater    the    smaller    tlie   magnetization,    as 
ilso    appears    from   tiie    curves    on   p      3^        Pigs.    '6    and   4,    in 
"vhich   th.e   change    in  magnetization   is   plotted   as   a   function   of 
the   magnetization    for    different   parts    of   tlio   mai^ets   A    and  3. 

It    is   to  be   noticed   that    th.e    curve    on   p  ^^ 
Pig, 2   slopes    dovm,    while    some    curves    given    from  Wiedermann's 
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observations    (p       Si         )      slope   ijp,       Tlii-s    may    be    explained    in 
several   v/oys.       In    t'lis    investigation,    ma/;nets    of  varions 
lengtlis   maf^etized   to    sat-'iration,    v^ere    employed;      he   nsed   the 
same   bar    at    different    intensities    of  magnetization.       I    am  also 
inclined   to    think    tiiat    tiie  magnetizations    in   my    bars   were    all 
greater    tlian   in   his,    because    even    in  my    shortest   ma^^;nets,    the 
ratio    of    lengtii   to   thickness   'vas    almost    th.ree    times    as   great 
as    in  his    bar.      Nothing    could  be    fonnd   to    show   in   what   itnits 
his   res'Jlt?   were    expressed,    and   tlierofore    I    can  make   no    pos- 
itive   statement. 

In   order   to   find  the   reason   for   tliis    dif- 
ference,   it    is    proposed   to    continiio    th-e    investigation   by    re- 
peating V/iede^raann' s    experiments   with   bars    similar    to   those 
I    used,    and   also    to   repeat    the   present    investigation   with    bar 
of   such   dimensions    that    tlie    average    intensity    of  magnet i zati or 
will   be   less   tlian  has    been   employed   so    far. 

Prom  tliis  may   be    ascertained: 
FIRST,      VHiether    the    curve    for    the   proportional    cliange    in    in- 
tensity   of  magnetization   as    a   function   of  t-:at    intensity 


(:5l) 


is    tlie   sarno   for   a   single  maf^net  magnetized   at  different    in- 
ter.sities,    as    for    different   mafrxiets    of   the   same   kind   of   stool 
each  magnetized   to    saturation. 

SECOND.      ■'.Vliethcr    these    curves   liave    the    same    shape    for    low   as 
for   liigli    intensities    o  f  magnet ization. 

THIRD.         V/liether    the    dimensions   of   the   magnet    affect   the 
change   in   moment,    except   as   they   affect  the   original   inten- 
sity   of  magnetization. 

In   order   to   make   the    investigation    as   com- 
plete   as   possible,    I    intend   to    find   the   permeability    curves 
for   the    steel   used   at   both   the   temperatures    employed   in   the 
experiment. 


(.3^) 


^,<rr. 


41.5 

89  .  2 

134.3 

27.0 
107. <i 
165.0 
li39.0 

4^^.0 

73.5 

'^V  .0 

109.5 

49.7 

73 

92.5 


HARD 
44.8 
96.0 
146.2 


30.0 

29.0 

114.5 

110.3 

179.0 

172.0 

260 .  7 

251.2 

STEEL. 

37.0 

85.5 

loo,  6 


TEMPER] ilD    STEEL. 


JLa_ 


SOFT  STEEt  BAR   No.l 

38.0 

68.5 

101.0 

115.0 

SOET    STEEl   BAR      TTo.2 


54.2 

31.5 

108.3 


45.0 
69.0 
93.4 


33.^:! 

0.103 

77.  S 

0.090 

20.0 

0.100 

27 . 0 
101.0 
156.0 
226 .  0 

33.2 
57.0 
78.5 
88.2 

39.0 
59.0 
76.0 


0.0o90 
0.0-J14 
0.0930 
0.1003 

0.126 
0.168 
0 .  223 
0.233 

0.133 
0.14O 
0.186 
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MAGNETS  OP  SQUARE  CROJS  SECTION. 
0.159  cm  Square. 


Niunber   of 
Magnet. 

3. 

5. 


15. 

4. 

6. 

7. 
8. 
13. 
12. 


Length. 

21.53 

22.00 

16.40 

16.31 

11.23 

10.80 

8.15 

8.17 

5.49 

5.40 


M 

Moment    at 
11    C 
232.92 

207.08 

146. 64 

139.76 

94.76 

72.41 

43.04 

40.48 

16.72 

12.04 


M   -    M 


Moment    at 

99    G 

219.88 

193.64 

136.80 

129.28 

88.04 

65.  72 

38.48 

35.9a 

14.44 

9.84 


M 
0.056 

0.065 

0.067 

0.075 

0.071 

0 .  092 

0.105 

0.112 

0.141 

0.220 


Intensity 

of  Magnet' 

ic    action 

427. 

372. 

352. 

338. 

6  33. 
249. 
208. 

196. 
117. 

88. 


3^ 


M  A  G  M  PI  T. 


Distanc 
from  cer 
tre  of 

Magnot. . 
M 

13.  n.-^ 

10.86 
8.6S 
6.51 
4.34 
2.17 
0. 

2.17 

4.34 

6.51 

B.68 

10.86 

13.03 

15.20 


€D 


istribu- 
tlon  at 
14  C 


70.1 

428.5 

285.4 

204.9 

146.8 

91.2 

56.6 

18.6 

17.9 

55.5 

96.9 

142.1 

199.9 

276.3 

43<;.6 

69.7 


Change  : 
Distrib' 
+  ion. 


4.3 

40.2 

18.3 

8.3 

3.9 

2.0 

0.7 

0.4 

0. 

0.4 

2.5 

3.2 

6.2 

14.3 

39.2 

11.2 


Distri- 
bution at 

99.5    0 


65.3 

388.3 

267.1 

196.6 

142.9 

89.2 

55.9 

18.2 

17.9 

55.1 

94.4 

138.9 

193.7 

261.5 

393.4 

58.5 


T 
Induc- 
tion  at 
14   C 


296. 

2106. 

3309. 

4175. 

4795. 

5180. 

5419. 
(5498. ) 
(5453. ) 

5  377. 

5143. 

4734, 

4134. 

3289. 

2122. 

ii94. 


1 
Indnc- 
tion   at 
99.5    C 


:^78. 

1918. 

3044. 

3875. 

4479. 

4s;vj. 

5092. 
(5169.) 
(5126.) 

5050. 

4818. 

4420. 

3834. 

3015. 

1910. 

247. 


1-1 
1 

.060 
.089 
.080 
.071 
.065 
.062 
.060 
.060 
.060 
.063 
.066 
.072 
.  083 
.100 
.159 


3r 


ivl    A    G    N   E    T 


:)is- 

t  ;in  c  c 

from 

center 

TOt 

N 

15.^0 

13.03 

10.8-3 

S.6S 

6«r>l 

4  .  34 

^.17 

0. 

^.17 

4.  34 
■).^1 

5 .  •  1  HI 
10.  S3 
13.03 
Ir.iiO 


Distribi 

tion   at 

14    C 


•U.O 
3o9.5 

159.7 

139.4 

lOS.l 

SI.  4 

1  3 .  .'^ 

3.0 

',  i,2 

79.0 

128.3 

188.6 

2'3o.3 

403.4 

69.7 


Change  i; 
Distribn 
t  i  on . 


3.9 
39 . 6 
15.1 

6.0 

3.4 
■d.l 
1.5 
0.1 
0.7 
1,1 
2.0 


19.0 

35.4 

4.1 


Distribn 
tion   at 
99.5    C 


57.1 

319.9 

. 212.5 

153.7 

136.0 

106.0 

80.0 

43.4 

4.3 

35.1 

77.8 

125 . 9 

182.0 

247.3 

371.0 

65.6 


I 

Indnc- 
tio)i  at 
14  G 


258. 

177^. 

2738. 

3413. 

4002. 

4458. 

4802. 
(4986. 
(495  0. 

496:7.. 

4312. 

3933. 

3136. 

2011. 

294. 


I 
Indnction 
at 
99.5  C 


242. 

1594. 

2491. 

3141. 

3716. 

4163. 

4501. 
(4685. ) 
(4650.  ) 

4668. 

4520. 

4191. 

5659. 

2890. 

1845. 

277. 


.062 
103 
090 
079 
.071 
.066 
.<'>62 
.060 
.060 
.060 
.063 
.069 
.078 
.082 
.057 
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born  in  Hartford,  Conn.  J'mo  19tii,  186-'S ,  and  his  early  educa- 
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1885  he  was  graduated  at  Trinity  college  (Hartford)  with  the 
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